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Introduction
Inks used in inkjet printers are a complex mixture of solvents, co-solvents, pigments and one or more surfactants (Chang and Franses 1995; Eastoe and Dalton 2000) ; therefore, it is clear that the surface tension of an ink is higher during droplet formation and flight than during the later spreading and evaporation phases. Methods exist to measure the time-dependent dynamic surface tension; however, these measurement techniques require separate, off-line setups or are not fast enough to operate at the microseconds timescale of the inkjet process (Franses et al. 1996) .
It was shown before that the surface tension and viscosity can be extracted directly from an analysis of the eigenfrequencies of shape modes of oscillating droplets (Loshak and Byers 1973; Stückrad et al. 1993; Brenn and Frohn 1993; Holt et al. 1997; Tian et al. 1997; Wang et al. 2006; González and García 2009; Yamada and Sakai 2012; Thoraval et al. 2013; Brenn and Teichtmeister 2013; Yang et al. 2014) . Over the past decades, this method has also been proven to be very robust for various other systems, including jets (Ronay 1978a, b) , bubbles (Leighton 1994; Brennen 1995) , liquid samples of blood and biological tissues (Weiser and Apfel 1982; Weber et al. 2012 ) and soap bubbles (Kornek et al. 2010; Grinfeld 2012) . The very early work of Rayleigh (1879) and Lamb (1881) showed that a liquid that is deformed from its equilibrium state can be treated as an oscillator (system), where surface tension provides the restoring force. The generalized system of a damped oscillator of an immiscible viscous fluid within another fluid was first described by Lamb (1932) and revisited by others (Reid 1959; Chandrasekhar 1959; Miller and Scriven 1968; Prosperetti 1980) . However, the analysis up to now has focused on mm-sized droplets or has only measured the aspect ratio of µm-sized droplets, instead of the full analysis.
Here, we present an ultrafast imaging method to measure the surface tension and viscosity for µm-sized inkjet droplets (corresponding to picoliters) in flight. We extend the well-known method to measure surface tension and viscosity from the eigenfrequencies of shape modes of oscillating droplets to the µm-regime by employing ultrafast imaging. Ultrafast imaging is necessary as the microscopic length scale of picoliter droplets poses a few challenges. First, the eigenfrequencies of shape mode oscillations scale with the droplet radius as R −3/2 0 , and thus high-speed imaging is not only required to capture droplets in flight moving at a speed near 10 m/s (∼ 10 µm/µs), but also to resolve the details of the surface mode oscillations. Secondly, the viscous effects become increasingly important, as can be evaluated from balancing the viscous forces and the capillary forces through the Ohnesorge number Oh = µ/ √ σρR 0 , with µ being the dynamic viscosity, σ the surface tension and ρ the density, especially for higher mode numbers n, since the Ohnesorge number scales with the mode number as Oh n = √ 2n Oh (Versluis et al. 2010 ). Thus, a decreasing droplet size leads to a faster decay of the oscillation amplitude due to damping. The paper is organized as follows. In the next section, we revisit the background theory to extract the surface tension and viscosity from oscillating droplets. Then we present high-speed imaging experiments at two different timescales (µs and ms) to vary the age of the freshly made droplet surface in Sect. 2 and describe the image analysis and requirements for obtaining sub-pixel accuracy in Sect. 3. The results are presented in Sect. 4 and compared to a complementary, off-line technique to measure the dynamic surface tension.
Shape mode oscillations
Here we briefly summarize Rayleigh's original treatment (Rayleigh 1879) , to express the shape of an axisymmetrically deformed drop at any moment in time t as a sum of Legendre polynomials P n with θ the polar angle, a n (t) the time-dependent surface mode amplitude coefficients and n the mode number (see Fig. 1a for the definitions of R and θ). Assuming incompressibility of the liquid and no evaporation, we find that a 0 (t) = R 0 , where R 0 is the radius of a sphere with the volume of the drop, or the equilibrium radius. Since we place the origin of the coordinate system at the center of mass of the drop, it follows that a 1 (t) = 0, and Eq. (1) simplifies to For a freely oscillating drop with small amplitude of oscillation the mode coefficients can be expressed as (Lamb 1881 (Lamb , 1932 with eigenfrequency ω n and the damping rate of each mode n. The eigenfrequency depends on the liquid density ρ and the surface tension σ,
(2) R(θ , t) = R 0 + ∞ n=2 a n (t)P n (cos θ ).
(3) a n (t) ∼ e −β n t cos ω 2 n − β 2 n t ,
(4) ω 2 n = (2πf n ) 2 = n(n − 1)(n + 1) σ ρR 3 0 (5) β n = (n − 1)(2n + 1) µ ρR 2 0 Page 3 of 8 2 while the damping rate depends on ρ and the dynamic viscosity µ. Figure 1b shows the amplitude-time curve of the shape oscillation for an R 0 = 15 µm droplet for a mode n = 2 . Figure 1c shows the corresponding Fourier transform ã n , indicating the eigenfrequency f 2 of the shape mode. Thus, measuring ã n (t) while knowing n, ρ and R 0 gives σ (t). Measuring β n (t) from the decay rate, knowing n, ρ and R 0 , gives µ(t). In the example of Fig. 1 , we used pure water; the surface tension was chosen to be σ = 72 mN/m, the viscosity was µ = 1 mPas, and the density was ρ = 1000 kg/m 3 , therefore the eigenfrequency of the mode n = 2 was f 2 = 57 kHz with a damping rate of β 2 = 22 × 10 3 s −1 . In order to record multiple frames of every oscillation cycle, ultrafast imaging at interframe times of 1-5 microseconds or up to 1 Mfps is required (Versluis 2013 ).
Droplet formation
To test the dynamic effect of the surface tension and viscosity at different timescales, droplets of two different sizes were produced. In the first set of experiments, droplets were detached from the tip of a needle, where they were pendant for about five to ten seconds, i.e., enough time had passed for the concentration of surfactants at the interface to reach an equilibrium. The liquid was pushed out of a syringe (Hamilton Co.) by a syringe pump (PHD 2000, Harvard Apparatus) through a tube to a needle (19 gauge, flat tip, stainless steel, outer diameter 1.07 mm, Hamilton Co.). The flow-rate of the pump was kept low (≈ 0.05 mL/min) to ensure that the detachment was solely due to gravity and that we were in the regime where the surfactant adsorption at the liquid-air interface has reached an equilibrium. We used two different surfactants: 0.25% (w/w) sodium dodecyl sulfate (SDS, Fluka) in pure water and 0.1% (w/w) 1,2-hexanediol (HD, 98%, Aldrich) in pure water. To test the accuracy of the technique, we also performed experiments with pure water alone (18.2 M cm , Milli-Q). The falling droplet was recorded with a high-speed camera (Fastcam SA-X2, Photron) running at a frame rate of 20 kHz in back illumination. A macro lens at a magnification of 1:1 was used to ensure sufficient spatial resolution. Figure 2 shows a representative recording of an oscillating water drop of R 0 = 1.5 mm analyzed with this setup.
To investigate the surface tension and viscosity of the same liquid at a shorter timescale, we used a drop-ondemand printhead (MD-K-130, microdrop Technologies GmbH) that was actuated with a rectangular pulse from an arbitrary waveform generator (33220A, Agilent) via a wideband amplifier (model 7602M, Krohn-Hite) to generate a jet that breaks up into droplets about one hundred microseconds after actuation. The typical droplet size of a few tens of micrometers in radius, the velocity of a few meters per second and the corresponding eigenfrequency of shape oscillations of several tens of kHz dictate a requirement for spatial and temporal resolution that cannot easily be met with conventional high-speed imaging (Versluis 2013) . The inkjet-printing process, however, is highly repeatable; therefore, we can record the shape oscillations of the droplets using stroboscopic imaging. The droplet is back illuminated, and its image is captured with a CCD camera (Sensicam QE, PCO AG) at a predetermined delay time after printhead actuation. By accurate control of the timing of the light source, camera and waveform generator with a pulse/delay generator (model 575-XC, Berkeley Nucleonics) the images obtained from many different droplets can be made into a sequence of the whole process. Motion blur in the images was reduced by using a pulsed laser (EverGreen, pulse width 7 ns, Quantel) for illumination. To also eliminate speckle and fringes due to interference and diffraction of the coherent laser light, the Figure 3 shows a representative sequence of a jet that breaks up into droplets, generated and recorded with this setup.
Image analysis
In each frame of every recording, we detected the position of the liquid-air interface by determining the inflection point of the intensity in the direction normal to the interface. In this way, we obtained a description for the drop boundary with sub-pixel accuracy. For a complete description of the technique on which this analysis is based, please see (Van der Bos et al. 2014) . The origin of the coordinate system was placed at the center of mass of the droplet, and the interface was divided in two parts along the axis of symmetry. The resulting halves were compared to check for axisymmetry and if this was not the case, the recording was not analyzed further. In the case of axisymmetry, the right halve was used for the remainder of the analysis. Then the interface was converted to polar coordinates and the distance from the center of mass to the droplet boundary R as function of the polar angle θ was obtained. Figure 4 shows the detected drop boundary R(θ) (orange markers) of the frame shown in the enlargement of Fig. 2. 2mm 1mm t = 0 ms t = 2.5 ms t = 5 ms t = 10 ms t = 15 ms t = 20 ms t = 25 ms t = 30 ms t = 35 ms Please note that the smoothness of the curve is only due to the used inflection-point method, there has been no smoothing or averaging of the data. Equation (2) was then fitted to the data to find the equilibrium radius R 0 and the mode coefficients a 2 . . . a n , up to n = 20 . The black solid line in Fig. 4a is the best fit to Eq.
(2) and is well within 0.1 pixels of the detected boundary (see the residue in Fig. 4b ). By repeating this process for the subsequent frames of the recording, the timedependent values of the mode coefficients a n (t) were found. We can now determine the viscosity from the decay of the amplitude of the mode coefficients. Also the surface tension can be extracted directly, either from the Fourier transforms of a n (t), or by fitting Eq.
(3) to the experimental a n (t). Both methods yield the same result and as we already perform the fitting procedure to obtain the damping, we opt to use the latter method to determine the surface tension. For pure water we obtain the mode coefficients shown in Fig. 5 . The surface tension and viscosity that we find for a microliter drop (σ = 72 ± 1 mN/m and µ = 1.1 ± 0.2 mPas) and a picoliter droplet (σ = 73 ± 2 mN/m and µ = 1.0 ± 0.5 mPas) are both in good agreement with the expected values, which are σ = 72.8 mN/m and µ = 1.0 mPas.
Results
By adding the SDS as a surfactant solution, it is expected that there will be an influence of surface age on the surface tension and indeed Fig. 6a , b confirm this hypothesis. The surface tension of the microliter droplet (σ = 35 ± 1 mN/m) is much lower than that of the inkjetprinted picoliter droplet (σ = 63 ± 1 mN/m). The analysis shows that the surface tension remains constant in the analyzed range for both the microliter and picoliter droplets. In the case of the microliter droplet, the surfactant concentration at the liquid-air interface has reached an equilibrium before the droplet detached, while 150 µs is apparently not enough time for the SDS molecules to significantly lower the surface tension of the freshly formed picoliter droplet. Another interesting observation is that the measured viscosity of the large drop (µ = 1.8 ± 0.4 mPas) is higher than that of the inkjet-printed drop (µ = 1.0 ± 0.2 mPas), while the liquid is identical. We attribute this to the presence of adsorbed surfactant molecules at the interface. When the droplet is oscillating, the local surfactant concentration changes due to expansion and compression of the droplet surface. The resulting surface tension gradient gives rise to a redistribution of surfactant molecules over the droplet interface, which counteracts the droplet deformation. This additional resistance to deformation of the droplet increases the decay rate of the oscillation amplitude (Lu and Apfel 1991; Tian et al. 1995) . This effect of surfactants is usually called the Gibbs elasticity, and its influence on the oscillation frequency and damping rate has been reported before for oscillating mm-sized droplets of surfactant solutions . Since the oscillation of the mm-sized SDS droplet is damped by the dynamic viscosity of the liquid and the surface viscosity caused by the surfactant, the value of µ that we found from Eq. (5) does not represent the dynamic viscosity. In the case of µm-sized droplets, we do not observe the effect of the Gibbs elasticity, because in this case fewer surfactant molecules are adsorbed at the liquid-air interface as shown by the much higher surface tension of 63 Nm/m. Therefore, the surface tension gradient due to droplet deformation is small.
The other surfactant that we studied, 1,2-hexanediol, is used in inks for inkjet printers, yet the influence of the surface age on the fluid properties of the HD solution is not known a priori. Although 1,2-hexanediol has surfactant-like properties due to its structure (Romero et al. 2007) , the dynamic surface tension of a dilute HD solution has not been reported to our knowledge. Our experiments show that there is a significant effect of surface age on both the surface tension and the viscosity: The surface tension decreases from 64 ± 1 mN/m for the µm-sized droplet (surface age between ≈ 200 µs and 10 ms) to 58 ± 1 mN/m for the mm-sized droplet (surface age of ≈ 5 s), and the viscosity increases from 1.1 ± 0.2 mPas (µm-sized droplet) to 1.5 ± 0.2 mPas (mm-sized droplet). The surface age of the µm-sized droplet is not known exactly because the liquid-air interface in the nozzle (i.e., the meniscus) is not a fresh interface at the moment a jet is ejected from the printhead. The surfactant concentration on the surface before droplet generation is determined by the jetting frequency, which in this experiment was 100 Hz, setting the upper bound of the surface age of the droplet. The lower bound of the surface age is set by the droplet formation time, which in this case was approximately 200 µs.
We have performed dynamic surface tension measurements of the very same HD solution using the maximum bubble pressure method (SITA online t60, SITA Messtechnik GmbH) and, as is seen in Fig. 7 , both the surface tension measured from droplet oscillations at the longer timescale and the trend that a fresher surface has a higher surface tension are in agreement with the MBPM measurements (blue crosses).
We compare the values of the surface tension that we found from droplet oscillations to the empirical formula which was successfully used to describe the dynamic surface tension of various types of surfactant solutions (Hua and Rosen 1988; Gao and Rosen 1995) in which τ and k are fitting parameters, σ 0 is the surface tension of a freshly formed interface at t = 0, and σ eq is the equilibrium surface tension. The surface tension of a freshly formed interface is equal to that of the solvent, so with σ 0 = 72.8 mN/m we fit Eq. (6) to the MBPM data to find σ eq = 57.6 mN/m, τ = 2.1 ms, and k = 0.77, see the black dotted line in Fig. 7 . As is seen in Fig. 7 , the values
of the surface tension that were measured from the shape oscillations of both the mm-and µm-sized droplets agree with this model, within the experimental uncertainty. A printhead with a higher jetting frequency is needed to reduce the uncertainty in the surface age, and this remains a topic for future research.
Conclusions
In conclusion, we have developed a technique based on the stroboscopic imaging of the shape oscillation of inkjet-printed droplets to measure in-line the surface tension and viscosity of a liquid during the process of inkjet printing. With this technique, we show that the surface tension of an ink that contains surfactants right after droplet formation is significantly higher compared to the equilibrium value. We attribute this to the surfactant adsorption process, which needs more time to reach an equilibrium than the droplet is in flight. On the other hand, the viscosity of the same surfactant solution is lower during droplet formation than it is when the surface is fully covered with surfactant molecules. We attribute this to the high surface coverage of surfactant molecules, which is accompanied by an increased resistance to interfacial deformation of the droplet due to the Gibbs elasticity. 
